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a  b  s  t  r  a  c  t
A  micropacked-bed  multi-reactor  platform  with  integrated  portable  Raman  spectrometer  is presented  for
fast  evaluation  of catalyst  activity  and  stability  for  gas/liquid/solid  reactions.  The  silicon-glass  microre-
actor  was  designed  and  fabricated  so  that  pockets  containing  the  liquid  reaction  mixture  were  created
after each  packed  bed,  into  which  the  laser  could  be directed  for Raman  spectral  acquisition.  Using  the
oxidation  of benzyl  alcohol  as  a model  reaction,  the  Raman  spectrum  was  found  to  be affected  both  by
temperature  and  by  the  composition  of the  multiphase  reaction  mixture  which  was related  to  the  reaction
conversion.  These  effects  were  accounted  for by calibrating  the  Raman  spectra  at  the reaction  tempera-
ture  using  mixtures  produced  by  the  reactors  that  were analysed  independently  by  gas  chromatography.
Fourteen  catalysts  containing  different  combinations  of Au, Pd and  Pt supported  on TiO2 prepared  byold-Palladium catalyst
imetallic
rimetallic catalyst
sol-immobilisation  (SI)  and  standard  impregnation  (SImp)  techniques  were  tested.  The  results  showed
that  the  activity  of  the  catalysts  prepared  by SI  was  overall  higher  than  those  prepared  by  SImp,  while  the
activity  sequence  followed  the  same  pattern:  Pd >  AuPd  >  AuPdPt  > PdPt  > (Au,  Pt,  AuPt).  The  Pd  and  AuPd
catalysts  from  both  SI  and  SImp  were  stable  in  5-h testing,  however,  for the  PdPt  and  AuPdPt  catalysts
prepared  by  SI  deactivation  was  observed.
ublis© 2016  The  Authors.  P
. Introduction
Microreactor technology has become more attractive in chemi-
al synthesis and catalytic process development, since the reduced
imensional scale of microreactors can offer unique advantages
ncluding enhanced heat and mass transfer, precise control of
eaction temperature, reduced safety risks and low environmen-
al impact over conventional macroscale reactors [1–4]. In the last
ecades the integration of analytical tools with microstructured
eactors has become an attractive approach for online process
onitoring [3,5,6], which can provide real-time acquisition of
eaction information and offer fast and reliable ways for process
evelopment and optimisation. The integration of analytical tech-
ology has made microreactors a powerful laboratory tool forPlease cite this article in press as: E. Cao, et al., A micropacked-bed
evaluation, Catal. Today (2016), http://dx.doi.org/10.1016/j.cattod.201
eaction and kinetic studies. Among various analytical technologies
ntegrated with miniaturised devices, non-invasive spectroscopic
easurements have demonstrated beneﬁts in obtaining not only
∗ Corresponding author.
E-mail address: a.gavriilidis@ucl.ac.uk (A. Gavriilidis).
ttp://dx.doi.org/10.1016/j.cattod.2016.06.007
920-5861/© 2016 The Authors. Published by Elsevier B.V. This is an open access article uhed  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license
(http://creativecommons.org/licenses/by/4.0/).
information in the reaction ﬂuid but also the state of the solid
catalyst present in a microreactor [7–9]. Microreactors, espe-
cially those containing ﬂat windows, can be easily integrated with
spectroscopic techniques. For studies in heterogeneous cataly-
sis, microreactors have been used in catalyst characterisation by
integrating spectroscopic techniques such as Raman spectroscopy
[10–13], infrared spectroscopy [14,15], X-ray diffraction (XRD)
[16,17] and X-ray absorption spectroscopy (XAS) [17–19], provid-
ing novel means to investigate catalysts under realistic reaction
conditions.
In heterogeneous catalysis, catalyst development is a time-
consuming and costly process. Application of high throughput
experimentation techniques promises a signiﬁcant improvement
through minimisation of development time and cost [20–22]. High
throughput research can be commonly differentiated between pri-
mary and secondary screening. Primary screening employs a large
number of experiments that are qualitative or semi-quantitative, multi-reactor system with in situ raman analysis for catalyst
6.06.007
characterized by very high throughput and is often focused on dis-
coveries of lead catalysts. Secondary screening, which collects more
quantitative reaction information for a group of leads, facilitates
the further elimination of less effective candidates in the group
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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nd provides information on kinetics and deactivation for pro-
ess design. The principle of high throughput experimentation is
ased on a parallelization strategy that increases the research load-
ng without subsequently increasing development time [23,24].
ocusing on the secondary screening stage, this paper presents
evelopment of a microreactor-based parallel catalyst testing sys-
em for catalytic gas-liquid-solid reactions, which are typically
ore demanding than gas phase ones.
The incorporation of vibrational spectroscopic techniques, such
s FT-IR imaging and Raman, in parallel operando mode can pro-
ide a new approach for accelerated fundamental catalyst research
nder realistic conditions [25–27]. In our previous work, we
emonstrated the successful integration of a silicon-glass microre-
ctor with Raman microspectrometry [10] and X-ray absorption
pectroscopy [18] for operando/in situ studies of silver catalysed
as phase methanol oxidation to formaldehyde. In a later study
f the gas-liquid oxidation of benzyl alcohol on a AuPd/TiO2 cat-
lyst, our initial goal to identify reaction intermediates on the
atalyst surface using Raman spectroscopy was not possible due
o the strongly interfering background ﬂuorescence signal origi-
ating from the catalyst surface covered with thin layer of liquid
11]. However, the reaction product benzaldehyde could be deter-
ined from Raman spectra obtained by focusing the laser inside
liquid pockets” that formed within the packed bed. This method
an be used for monitoring the reaction process taking place in a
icro-packed bed and relate it to the catalyst activity. This analysis
akes only 1–2 s by comparison to conventional GC or HPLC analy-
is taking typically 15–30 min  for one measurement. In the present
ork we extend this approach to a micropacked-bed multi-reactor
ystem to develop a microreactor platform integrated with an inex-
ensive portable Raman spectrometer for fast catalyst evaluation.
Au-Pd bimetallic nanoparticles have been proven to be very
ctive for the oxidation of alcohols, and provide high selectivity
o aldehydes even under solvent-free reaction conditions [28–31].
owever, to achieve high selectivity towards the aldehyde, either
 low temperature approach had to be chosen resulting in a low
urnover frequency or the conversion was kept at a low level. In
ecent work reported by He et al., by adding a small amount of
t metal into the Au-Pd sols, a high selectivity of benzyl alcohol
ould be achieved in solvent-free oxidation of benzyl alcohol reac-
ion while still preserving high conversion levels [32]. Supported
uPdPt trimetallic catalysts on carbon were synthesized by the sol-
mmobilization method, together with Au, Pd and Pt monometallic
atalysts and AuPd, PdPt and AuPt bimetallic catalysts synthesized
or comparative purpose. These catalysts were tested in batch reac-
or, showing the capability of small amount of Pt in switching-off
oluene formation which improves the selectivity towards ben-
aldehyde [32]. In this work, we now examine the stability and
ctivity of similar catalysts in ﬂow reaction conditions using the
eveloped microreactor platform.
. Microreactor system design
.1. Experimental set-up
Fig. 1 shows a schematic diagram of the multi-microreactor plat-
orm integrated with a portable Raman spectrometer. The platform
onsisted of a four-reactor chip assembly, a Ventana-532 Raman
pectrometer equipped with ﬁbre optics (Ocean Optics) for data
ollection and laser excitation, a motorised positioning stage, a gas-
iquid supply unit, a set of gas-liquid separators and a temperaturePlease cite this article in press as: E. Cao, et al., A micropacked-bed
evaluation, Catal. Today (2016), http://dx.doi.org/10.1016/j.cattod.201
ontroller. The spectrometer uses a 532 nm diode laser for sam-
le excitation. The laser beam is directed into the multichannel
eactor and the scattered light is collected using ﬁbre optics opti-
ized for 600 m diameter and 0.39 NA ﬁbre input. The detector PRESS
y xxx (2016) xxx–xxx
is a Hamamatsu S11510-1006 back-thinned CCD capable of oper-
ating into the near IR range. A single chip design with four parallel
micropacked-beds has the advantage of simplifying the system
conﬁguration by using one heater, sharing one inlet/outlet connec-
tor and easily incorporating the Raman spectrometer optics and
positioning stage. The whole set-up was placed in an enclosure
in order to avoid interference from room lighting with the Raman
signal. The system was  designed to allow multiphase (gas-liquid-
solid) reactions to be studied at pressures ranging from 1 to 10 bar
and temperatures from 25 to 250 ◦C. Gas and liquid reactants were
delivered into the four-reactor chip through four mass ﬂow con-
trollers (MFCs) (SLA mass ﬂow controller, Brooks) and four syringe
pumps (Mid pressure module, Cetoni). The efﬂuents from the reac-
tors were collected in a set of four gas-liquid separators where gas
and liquid were separated by gravity. The four gas outlets from the
separators were directed to a ﬁve-port manifold (Upchurch). The
combined gas from the ﬁve-port manifold passed through a back
pressure regulator (BPR, Pressure Tech), which was  used to con-
trol the pressure of the reactors. The reaction products could be
monitored with the on-chip Raman measurement and analysed by
ofﬂine gas chromatography by collecting the liquid samples from
the gas-liquid separators.
2.2. Multi-reactor chip
The portable Ventana Raman spectrometer system produced a
532 nm laser spot with an approximate diameter of 100 m at the
exit from the ﬁbre optic probe. Our previous studies were carried
out using a Renishaw micro-Raman system in which the incident
beam and scattered light were focused by a microscope objective
to approximately 5 m within a collection cylinder ∼8 m deep,
that made it relatively easy to focus the beam inside “liquid pock-
ets” contained within the micropacked bed (with particle size of
50–90 m)  [11]. In the present case, the slightly divergent beam
exiting the ﬁbre optic probe that was also used to collect the scat-
tered light had no effective focus and this created initial difﬁculties
in selecting and deﬁning the “liquid pockets” for study and dis-
criminating against background signals. Our initial design of the
four channel micropacked-bed reactor thus concentrated on creat-
ing a suitable liquid pocket immediately after the catalyst retainer
by designing a semi-circular array of Si pillars (20 m in diameter).
This interrupted the gas-liquid ﬂow after the packed bed exit and
created a pool of liquid due to capillarity (Fig. 2). An initial chip
containing four different arrangements of the pillar group was pre-
pared and tested at gas-liquid ﬂow rates close to those used for the
reaction experiments. It can be seen that liquid pockets of sufﬁcient
size were formed in Fig. 2a and Fig. 2d, where at least one of the
pillar arrays was located close to the catalyst retainer. By placing
the pillar arrays further away from the catalyst retainer, only a thin
layer of liquid formed along the channel walls (Fig. 2b and c).
Raman spectra were then acquired as a ﬂowing mixture of ben-
zyl alcohol and benzaldehyde (1:1 by volume) and oxygen was
passed over the catalyst bed at different liquid and gas ﬂow rates.
With the gas-liquid ﬂow patterns shown in Fig. 2b and c, the spec-
trum was  dominated by strong background signals, most likely
due to insufﬁcient liquid volume present within the sample exci-
tation/collection volume. However, the liquid pockets formed by
the post arrangements shown in Fig. 2a and d produced spectra of
sufﬁcient quality for quantitative product analysis (Fig. 3a). As gas-
liquid slugs passed next to the liquid pockets, ﬂuctuations of the
overall Raman intensities were observed, but these did not affect
the overall form of the spectra, and the ratio of areas of peaks at multi-reactor system with in situ raman analysis for catalyst
6.06.007
1700 cm−1 and 1000 cm−1, used to determine the benzaldehyde
yield, was not affected to any signiﬁcant extent (Fig. S1). Fig. 3 also
shows spectra acquired by directing the laser on to the bed retainer
(Fig. 3b) and on the glass beads bed that was downstream of the cat-
ARTICLE IN PRESSG ModelCATTOD-10243; No. of Pages 7
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Fig. 1. Schematic diagram of the micro-packed bed multi-microreactor platform. The inset shows a picture of the reactor chip assembly.
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fFig. 2. Catalyst retainer and pillar array s
lyst bed (Fig. 3c). Only weak peaks were observed due to the lower
raction of liquid sampled within this excitation/collection environ-
ent, compounded by light scattering effects from surfaces of bed
etainer and glass beads. This part of our work conﬁrms the need
or engineering suitable microstructures within the chip to createPlease cite this article in press as: E. Cao, et al., A micropacked-bed
evaluation, Catal. Today (2016), http://dx.doi.org/10.1016/j.cattod.201
ufﬁciently large liquid pockets for online sampling when the ﬁbre
ptic Raman analysis technique is applied.
Our ﬁnal design for the reactor chip is shown in Fig. 4a. The
our parallel microchannel reactors have independent gas/liquidres with the formation of liquid pockets.
inlets and product outlets. The pillar array structure (Fig. 4b) and
the liquid pocket during gas/liquid ﬂow over a bed of glass beads
(53–63 m)  is also shown (Fig. 4c). The overall size of the reactor
chip was  48 mm × 70 mm.  The inlet/outlet ports were arranged at
the same end of the reactor chip, while the reaction channels were multi-reactor system with in situ raman analysis for catalyst
6.06.007
located towards the other end of the reactor chip. The ﬁnal design of
the semi-circular pillar array after the catalyst retainer was deter-
mined by combining the features of the pillar arrays in Fig. 2a and
2d. The width of the reaction channel was 1 mm.  The liquid inlet
ARTICLE IN PRESSG ModelCATTOD-10243; No. of Pages 7
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uig. 4. a) Schematic of the micro-packed bed multi-microreactor chip, b) Details of 
as-liquid ﬂow over a bed of glass beads.
hannel was 0.4 mm in width and was also used for catalyst packing.
he width of the gas inlet channel was 20 m and was  determined
ased on pressure drop considerations so that the pressure drop
ver the gas inlet channel was at least two times larger than that
ver the catalyst bed at a reaction channel depth of 0.3 mm,  to pre-
ent liquid backﬂow into the gas channel. Five thermocouple wells
ere arranged alongside the reaction channels allowing for on-chip
emperature measurement using thermocouples (K-type, 0.25 mm
n diameter, Omega Engineering).
The multi-microreactor chip was fabricated by photolithogra-
hy and deep reactive ion etching (DRIE) on 4′′ silicon wafers,
he structured wafer was sealed with a Corning 7740 glass wafer
1.5 mm thick, with holes pre-drilled as inlets and outlets) through
nodic bonding. For more details of the fabrication process see [33].
.3. Reactor assemblyPlease cite this article in press as: E. Cao, et al., A micropacked-bed
evaluation, Catal. Today (2016), http://dx.doi.org/10.1016/j.cattod.201
The bonded reactor chip was assembled with two  custom-made
ousing parts: an inlet/outlet connector and a heating-clamping
nit. The inlet/outlet connector consisted of a stainless steel chuck.mi-circular pillar array for Raman sampling c) Picture of the same area as b) during
The top part of the chuck was interfaced with standard 1/16 in.
coned compression ﬁttings on the top side and had through holes
and O-ring grooves on the other side. The through holes were
aligned with the holes on the glass cover of the microreactor with O-
rings (size 005, Perlast G80A, O-Rings Inc.) ﬁtted into the grooves.
The compression seal against the glass-silicon microreactor was
formed by screwing the top chuck to the bottom of the connec-
tion chuck. The reaction zone heating was through a heating chuck
that was  machined to allow six resistive cartridge heaters (CIR-
1021/120 V, Omega Engineering) to be inserted. A 0.7 mm × 0.7 mm
groove was machined over the middle of the heating chuck to
enable a K-type thermocouple (Omega Engineering) to be inserted
and contact both the reactor and the heating chuck. A 4 mm quartz
plate was  placed on top of the microreactor for improving heat insu-
lation. A -shaped clamp was used to ﬁx the quartz plate and the
microreactor onto the heating chuck. A temperature controller was multi-reactor system with in situ raman analysis for catalyst
6.06.007
used to provide feedback control to the cartridge heaters. Using this
heating system, reaction temperature of 25–250 ◦C can be achieved
although the reaction experiments were carried out at 120 ◦C.
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.4. Analytical methods and sampling
Raman spectroscopic measurement was carried out using a
entana-532 Raman spectrometer with 532 nm laser excitation.
o track the oxidation of benzyl alcohol, the area ratio between
he Raman peaks at 1700 cm−1 (C O stretching of benzaldehyde)
nd 1000 cm−1 (symmetric ring breathing) was examined. The liq-
id samples from the separators could be collected manually for a
esired collection time and analysed ofﬂine by gas chromatography
Agilent 6890 with FID and InnoWax column). Such GC analysis was
ound to be critically important for calibrating the Raman intensity
ata.
The reactor assembly was ﬁxed onto an x-y motorised position-
ng stage (Prior Scientiﬁc) which was mounted on a mounting plate
Edmund Optics). The Raman ﬁbre optic probe was  ﬁxed on a mod-
ﬁed microscope coarse/ﬁne focusing unit which was  placed above
he microreactor chip through a rod mounted onto the mounting
late (Fig. 1 inset). The beam was directed on to the liquid pock-
ts by adjusting the positioning stage and the coarse/ﬁne focusing
nobs to optimise the signal to background ratio. Both the adjust-
ent of the positioning stage and the spectra acquisition conditions
ere controlled using LabView.
. Experimental section
.1. Catalyst preparation
For the preparation of Au, Pd, Au-Pd, Pd-Pt, Au-Pt or Au-Pd-
t catalysts supported on TiO2, aqueous solutions of PdCl2 (Sigma
ldrich, acidiﬁed by dropwise addition of HCl) HAuCl4·3H2O (Sigma
ldrich) and H2PtCl6·6(H2O). (Sigma Aldrich) of the desired con-
entrations were prepared. Two methods were implemented to
repare the catalysts:
Standard Impregnation (SImp). The requisite amounts of the
etal solutions were combined and titania was added to the solu-
ion under stirring, where additional water was added to achieve a
aste-like consistency (total volume of metal solutions and water
2.5 ml  g−1 catalyst). The resultant slurry was dried at 110 ◦C for
6 h. The resultant powder was ground using a pestle and mortar
nd calcined (1 g, 6 inch boat) in static air at 400 ◦C for 3 h at a ramp
ate of 20 ◦C min−1.
Sol immobilisation (SI). Polyvinylalcohol (PVA) (1 wt% aqueous
olution, Aldrich, MW = 10000, 80% hydrolysed) and a fresh aque-
us solution of 0.1 M NaBH4 were prepared. To a mixed aqueous
olution of the metal precursors (total volume 600 ml  g−1 catalyst),
he required amount of a PVA solution was added (PVA/metals,
.2 wt/wt). The solution of NaBH4 was then added (NaBH4/metals,
 mol/mole) to form a dark sol. After 30 min  of sol generation, the
olloid was immobilised by adding the TiO2 (Degussa P25). The
olution was adjusted to pH 1 by the dropwise addition of con-
entrated sulphuric acid. The solution was stirred for 1 h, ﬁltered
nd dried (110 ◦C, 16 h). The resultant powder was  ground using a
estle and mortar.
The prepared catalysts were pelletized and then crushed and
ieved to get fractions with particle size range of 53–63 m.
.2. Packing of the multi-reactor chip
Packing catalyst particles into the reactor channels was carried
ut using an inlet/outlet connector made of Perspex and a ﬁve-port
anifold (Fig. S2). The microreactor chip was ﬁrst mounted ontoPlease cite this article in press as: E. Cao, et al., A micropacked-bed
evaluation, Catal. Today (2016), http://dx.doi.org/10.1016/j.cattod.201
he connector. The central port on the manifold was  connected to
 vacuum pump (E2 M 1.5, Edwards) and the other four ports were
onnected to the outlet ports on the connector. The gas inlet ports
ere sealed using sealing tape. Catalysts were packed through the PRESS
y xxx (2016) xxx–xxx 5
liquid inlet ports using a 200 l pipette tip as a funnel to aid the
packing. Glass beads (63–73 m in diameter) were also packed into
the microreaction channel before and after the catalyst to stabilize
the bed and aid gas-liquid distribution.
3.3. Reaction experiment procedure
The optimal alignment of the Raman probe with the liquid pock-
ets on the microreactor chip was  carried out using a ﬂow of benzyl
alcohol (0.02 ml/min) and oxygen (1 ml/min). The coordinates of
the liquid pockets and the parameters of the Raman acquisition
(integration time 100 ms,  accumulation number 4, sampling time
between reactors 0.2 min, sampling time intervals 4–5 min, total
sampling number 50–70) were then input into the Labview pro-
gram. The gas and the liquid ﬂow were set to the designated values
and the reaction was initiated by switching on the heater and start-
ing the Raman acquisition. The integration under the diagnostic
peaks at 1000 cm−1 and 1700 cm−1 was performed by the Labview
program and the calculated ratio of the peak areas was  displayed.
Typical reaction conditions for catalyst evaluation were 0.005 g cat-
alyst, 0.008 ml/min of benzyl alcohol, 1 ml/min of O2, 120 ◦C and
2 bar(g) of back pressure at reactor outlets.
3.4. Correlation of Raman spectra to benzaldehyde yield
It has been reported previously that Raman spectra can be
affected by temperature, reactant ﬂow rate and the composition
of reaction mixture with effects on peak positions, width and area
[34–36]. All of these could signiﬁcantly inﬂuence the quantitative
product analysis. For benzyl alcohol oxidation on TiO2 supported
Au/Pd/Pt catalysts, the main products found in the reaction mixture
were benzaldehyde, toluene and water. An initial calibration using
prepared mixtures of benzyl alcohol and benzaldehyde at room
temperature and 120 ◦C showed that the peak ratio decreased both
with increasing temperature and with the concentration of ben-
zaldehyde (Fig. S3). Further examining the effect of toluene and
water indicated that the Raman peak ratios were not signiﬁcantly
affected at low concentrations of toluene and water (correspond-
ing to low benzyl alcohol conversion). As higher toluene and water
concentrations were obtained at higher conversion (e.g. ∼80%), the
Raman peak ratio decreased by ∼3% due to increased toluene con-
tent and increased by ∼14% with water production (Table S1). It was
expected that the calibration with mixtures obtained directly from
the reactor could account for the effect of temperature and compo-
sition on Raman spectrum [37]. The following calibration procedure
was adopted. Benzyl alcohol catalytic oxidation was conducted at
the reaction temperature (120 ◦C) to generate different benzalde-
hyde yields. Raman spectra were collected at the same conditions
as liquid samples from the gas-liquid separators which were ana-
lysed by GC. The resulting Raman peak ratios were correlated with
the actual yield measured by GC and a calibration curve was  gener-
ated (Fig. S4). This calibration curve was  then used to calculate the
yield in real time from Raman spectra obtained during microreactor
operation.
4. Results and discussion
4.1. Validation of the reactor
An experimental test designed to validate the system was
carried out by using a 1% AuPd/TiO2 catalyst prepared by sol-
immobilization in previous work [11]. Each microreactor channel multi-reactor system with in situ raman analysis for catalyst
6.06.007
was packed with 0.005 g of the same catalyst and the same amount
of glass beads which formed a 2 mm long bed downstream and
6 mm  long bed upstream of the catalyst bed. The oxidation reaction
was performed under a benzyl alcohol ﬂow rate of 0.005 ml/min
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Fig. 5. Performance of the four microreactors (R1-R4) packed with the same catalyst
(5  mg  of 1% AuPd/TiO2). Reaction conditions: benzyl alcohol 0.005 ml/min, oxygen
1  ml/min, 120 ◦C.
Fig. 6. Picture of the packed multichannel microreactor chip showing the thermo-
couple wells and the measured temperatures in the reaction zone when the heater
was  set at 120 ◦C.
Table 1
Metal content on TiO2 support.
Catalyst Metal content on TiO2, wt%
Au Pd Pt
Au 1 - -
Pd  - 1 -
Pt  - - 1
AuPd 0.5 0.5 -
AuPt 0.5 - 0.1
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Fig. 7. Time-on-stream yield of benzaldehyde from Raman spectroscopic mea-
all have similar particle size distribution with mean diameters inPdPt - 0.5 0.1
AuPdPt 0.5 0.5 0.1
nd oxygen ﬂow rate of 1 ml/min. Raman spectrum acquisition was
tarted while the reactor temperature was rising from room tem-
erature to 120 ◦C in 20 min. The on-stream yields of benzaldehyde
alculated from the Raman peak ratios for the four reactors are
hown in Fig. 5. It can be seen that the observed yields of ben-
aldehyde from the four reactors were very close; the maximum
ifference between the reactors was <5%.
The temperature of the chip at the reaction conditions was  mea-
ured using three thermocouples inserted into the thermocouple
ells located at the middle and the sides of the reactor chip, as
hown in Fig. 6. The temperature deviation within the reaction zone
as ∼1 ◦C. These tests showed acceptable temperature uniformity
hroughout the reaction zone and consistent reaction performance
ver the four-reactor chip.
.2. Catalyst evaluationPlease cite this article in press as: E. Cao, et al., A micropacked-bed
evaluation, Catal. Today (2016), http://dx.doi.org/10.1016/j.cattod.201
Fourteen catalysts were prepared on TiO2 support using both
Imp and SI methods with different metal content shown in Table 1.surement for the catalysts prepared by a) sol-immobilization and b) standard
impregnation. Reaction conditions: catalyst 5 mg,  benzyl alcohol 0.005 ml/min, oxy-
gen 1 ml/min, 120 ◦C.
Four reaction experiments were carried out to evaluate the fourteen
catalysts.
Fig. 7a shows the time-on-stream yield of benzaldehyde ana-
lysed by Raman spectroscopy for the catalysts prepared by the SI
method. Pd and AuPd catalysts showed quite stable activity over
the 5-h reaction time, with yield of 58% and 53% respectively. The
trimetallic AuPdPt catalyst showed a slight deactivation with yield
decreasing from 44% to 38%, while the yield of the PdPt catalyst
decreased more quickly from ∼52% to 34%. It is interesting to notice
that Au, Pt and AuPt catalysts showed very low yields (<3%) under
the conditions investigated. The catalysts tested showed a catalytic
activity sequence as: Pd > AuPd > AuPdPt > PdPt > (Au, Pt, AuPt).
The catalysts prepared by the SImp method showed the same
catalytic activity sequence as those prepared by SI but with lower
yields of benzaldehyde (Fig. 7b). Pd and AuPd catalysts again
showed quite stable activity over the 5-h reaction time with yields
of 46% and 21% respectively. Au, Pt and AuPt catalysts showed neg-
ligible activity. The yields from PdPt and AuPdPt catalysts were low
around 3%.
Trimetallic (AuPdPt), bimetallic (AuPd, AuPt and PdPt) and
monometallic (Au, Pd and Pt) catalysts supported on active car-
bon and TiO2 prepared by sol-immobilisation and impregnation
have been previously used in batch reactors and the fresh cat-
alysts have been well characterised [32,38]. The trimetallic and
bimetallic catalysts prepared by the sol-immobilisation method multi-reactor system with in situ raman analysis for catalyst
6.06.007
the 2–3 nm range. The results from the batch reactor operated at
120 ◦C and 10 bar oxygen pressure with the catalysts prepared by
the sol-immobilisation showed that the highest yield of benzalde-
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Fig. 8. Parity plot of yields from Raman spectroscopy and from GC analysis.
yde was obtained from AuPd catalysts, the activity order followed
he sequence AuPd > Pd > AuPdPt > PdPt > AuPt > Pt. The yields from
uPd, Pd and AuPdPt catalysts were over 40% (54.1, 44.3 and 43.2%
espectively) while from PdPt, AuPt and Pt catalysts were relatively
ow (12.5, 8.2 and 2.5% respectively) [32]. The catalyst activity eval-
ated in the multichannel reactor showed a similar pattern (Fig. 7a)
ut with the Pd catalyst showing a slightly higher (∼5%) yield than
uPd catalyst. This may  be due to differences in oxidation state of
d under ﬂow reaction conditions and this is a factor that we will
ddress in subsequent studies.
To cross check the Raman spectroscopy-yield calibration, liquid
amples were collected and analysed by GC. Plotting the yields of
enzaldehyde obtained from GC analysis versus those measured
y Raman spectroscopy is shown in Fig. 8. The excellent agreement
etween the results from GC and Raman spectroscopy validates the
alibration procedure employed and also demonstrates the accu-
acy of the online Raman analysis.
The results presented above show that using the micropacked-
ed reactor platform developed enables the implementation of a
onvenient ﬁbre-optic Raman spectroscopic evaluation and pro-
ides an efﬁcient way to monitor the activity and stability of
atalysts. The information generated can be used as guidance for
urther investigating the effect of composition of catalysts and opti-
ising their preparation method for improving their performance.
. Conclusions
A carefully designed micropacked-bed multi-reactor chip was
esigned to facilitate the application of a portable Raman spectrom-
ter for on-chip monitoring of catalytic gas/liquid/solid reaction.
iquid pockets were engineered at the outlet of the four packed
eds, in order to permit efﬁcient application of ﬁbre optic Raman
xcitation and collection of spectra for reaction mixture analysis.
sing the oxidation of benzyl alcohol as a model reaction, the effect
f temperature and composition of reaction mixtures on Raman
pectra could be accounted for by calibration using gas chromatog-
aphy of samples obtained directly from the reactors. Fourteen
atalysts containing different combinations of Au, Pd and Pt sup-
orted on TiO2 prepared by standard impregnation (SImp) and
ol-immobilization (SI) methods were tested. Pd and AuPd catalysts
repared by SI showed good activity and stability, while the PdPt
nd AuPdPt catalysts were less active and stable than Pd and AuPd
atalysts. The activity sequence for the catalysts prepared by SIPlease cite this article in press as: E. Cao, et al., A micropacked-bed
evaluation, Catal. Today (2016), http://dx.doi.org/10.1016/j.cattod.201
as Pd > AuPd > AuPdPt > PdPt > (Au, Pt and AuPt). The catalysts pre-
ared by SImp showed the same activity sequence but were overall
ess active than those prepared by SI. The results demonstrated that
he developed platform is suitable for efﬁciently assessing catalyst
[
[
[ PRESS
y xxx (2016) xxx–xxx 7
stability and activity in gas/liquid/solid reactions, provided that the
reaction system is sensitive to Raman measurement.
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